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ABSTRACT 


Short  and  long  term  velocity  experiments  were 
performed  utilizing  a  rotating  cylinder  electrode.  This 
was  to  determine  the  best  way  to  model  in  the  laboratory 
the  flow  conditions  in  service  on  a  cathodically  polarized 
surface  or  on  anodlcally  polarized  zinc.  This  was  studied 
by  measuring  the  cathodic  current  required  to  protect  HY-80 
steel,  nlckel-^lumlnum-bronze  and  commercially  pure  titanium 
in  flowing  seawater.  Potentlodsmamic  scans  on  a  one  inch 
diameter  cylindrical  specimen  were  run  at  rotation  speeds  of 
50,  100,  200,  800  and  2000  rpm.  The  limiting  current  portion 
of  the  resulting  polarization  curves  indicated  that  all  three 
materials  illustrated  rotation  speed  dependent  behavior.  This 
behavior  was  consistent  with  a  mechanism  whereby  the  reaction 
kinetics  are  governed  by  oxygen  diffusion  through  a  fluid  boundary 
layer.  The  currents  measured  for  HY-80  were  approximately  an  order 
of  magnitude  lower  than  those  consistent  trith  boundary  layer  dif¬ 
fusion,  due  to  the  formation  of  a  barrier  layer  of  calcareous 
deposits  or  fouling.  Increased  rotation  speeds,  which  result  in 
increased  shear  stresses  resulted  in  currents  more  consistent  with 
the  diffusion  model,  indicating  that  higher  velocities  result  in 
stripping  away  surface  deposits  or  change  the  morphology  of  the 
barrier  film. 

The  effect  of  velocity  on  the  anodic  current  output  for  zinc 
sacrificial  anodes  was  also  evaluated  to  determine  the  best  way  to 
model  flow  over  a  sacrificial  anode.  Some  velocity  effects  were 
observed,  but  could  not  be  related  to  a  specific  reaction  control 
mechanism. 

Long  term  potentiostatic  tests  were  run  to  determine  the 
effect  of  corrosion  products  and/or  biological  films  on  flow  model¬ 
ling  of  cathodic  current  demand.  Rotation  speeds  of  40,  160,  800, 
1600  and  2000  rpm  were  studied.  The  initial  currents  observed  for 
bronze  and  steel  correlated  well  with  those  values  predicted  for 
boundary  layer  diffusion.  Shortly  after  polarizing  these  materials, 
the  cathodic  current  decreased  more  than  an  order  of  magnitude, 
probably  due  to  the  formation  of  a  film,  such  as  a  calcareous  de¬ 
posit.  Titanium  illustrated  low  currents  Initially,  possibly  due 
to  the  presence  of  a  surface  film.  After  a  brief  period  of  cathodic 
protection  the  current  increased,  indicating  chat  the  initial  film 
was  reduced.  Upon  reaching  steady  state  Che  currents  %rere  still 
lower  Chan  for  boundary  layer  diffusion,  indicating  the  presence  of 
another  film. 
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BoswbII.  The  work  was  conducted  in  the  Marine  Corrosion  Branch  under  the 
supervision  of  Hr.  A.G.S.  Morton. 

INTRODUCTION 

Design  criteria  for  cathodic  protection  for  structures  exposed  to 
quiescent  seawater  are  well  dociaiented.  Detenlnlng  the  cathodic  current 
denand  for  protecting  a  structure  in  flowing  seawater  becomes  more  difficult 
due  to  the  unknown  effect  of  flow.  Reproducing  service  flow  conditions  in 
the  laboratory  involves  knowledge  of  the  flow  parameter  that  best  determines 
the  cathodic  current  density  at  various  flow  rates.  At  present  the  best 
parameter  to  use  for  flow  modelling  is  unknown.  This  study  is  the  first 
attempt  to  determine  the  best  hydrodynamic  parameter  for  flow  modelling. 

The  principal  reaction  that  can  occur  on  a  cathodlcally  protected 
structure  is  oxygen  reduction,  which  is  highly  dependent  on  mass  transport 
of  dissolved  oxygen  to  the  surface,  where  it  reacts  to  form  hydroxyl  ions. 

These  ions  can  locally  shift  the  pH  enough  to  decrease  the  amount  of  calclia 
and  magnesium  compounds  which  can  be  held  in  solution,  thus  precipitating  out 
a  calcareous  deposit  on  the  surface.  Hydrogen  evolution  can  also  occur  to  a 
significant  extent,  depending  on  overpotential  and  pH.  On  sacrificial  anodes 
the  principal  anodic  reaction  is  metal  dissolution,  which  may  be  under  acti¬ 
vation  control,  but  could  also  under  some  conditions  be  under  control  by  mass 
transport  of  metal  ions  away  from  the  surface. 

Any  of  these  transport-controlled  reactions  can  be  limited  by  diffusion 
of  the  products  or  reactants  through  a  fluid  boundary  layer  such  as  the 
Nernst  diffusion  l^yer,  or  by  diffusion  through  a  corrosion  product,  calcareous 
film,  or  fouling  layer  on  the  surface.  In  addition,  transition  to  activation 
control  can  occur  if  the  catalysis  rate  of  the  controlling  reaction  is  extremely 
low  on  the  corrosion  product  or  calcareous  deposit. 
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In  this  study,  alloys  were  polarized  potentlostatlcally  to  potentials 
which  support  primarily  oxygen  reduction.  Since  this  reaction  Is  dependent 
on  oxygen  transport  to  the  cathode  surface.  Its  rate  can  be  affected  by  the 
hydrodynamic  boundary  layer  thickness,  which  Is  related  to  the  Nernst  dif¬ 
fusion  layer  thicknesses,  or  by  the  presence  of  calcareous  and  corrosion 
product  film  formations  which  provide  an  oxygen  diffusion  barrier.  In  the 
former  case,  the  current  required  for  the  cathodic  reaction  will  depend  on 
some  measure  of  the  hydrodynamic  or  diffusion  boundary  layer  thickness, 
whereas  in  Che  latter  case  the  current  will  be  fairly  constant  with  increas¬ 
ing  flow  until  some  critical  shear  stress  Is  reached  at  the  surface  which 
strips  off  the  current-limiting  films. 

One  approach  to  determining  the  cathodic  current  requirement  Is  to  model 
the  diffusion  layer  thickness  or  shear  stress  at  the  surface  by  utilizing  a 
rotating  cylinder  electrode,  since  the  hydrodynamic  conditions  established  by 
this  apparatus  are  well  defined.  The  Nernst  diffusion  layer  thickness, 

(5),  in  this  apparatus  is  a  function  of  velocity  and  can  be  calculated  from 
the  following  equation: 

5  -  12.64  D/V  (Vdj/v)0*30 

which  was  derived  from  groups  of  dimensionless  numbers  determined  by  Eisenberg 
et  al^,  and  assumes  uniform  current  distribution  and  turbulent  flow.  The 
theoretical  maximum  cathodic  current  can  then  be  calculated  from: 

iL  -  n  F  D  Co/5 

to  give: 

1l  -  0.0791nFCQV(Vd^/v)"®*3® 

Tlie  shear  stress  on  the  surface  of  the  rotating  electrode  can  be 


r:^.:  c-  *■.  iTt  V’J  Wi  ir-  iTi  ir* 


calculated  from  the  following  equation^: 

T  •  f/2  p  w^ 

where  the  friction  factor  (f)  is  defined  for  a  sieooth  cylinder  as  follows: 

1  -  0.079  Re  “^*30 
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Although  the  hydrodynaalcs  of  this  device  are  well  defined  when  operating 
in  turbulent  flow,  it  is  iaportant  to  ascertain  that  the  correlation  between 
experiaental  and  theoretical  aass  transport  paraaeters  are  maintained  for  the 
actual  apparatus  used.  The  validity  of  the  set-up  can  be  evaluated  by 
comparing  theoretical  and  experiaental  Nusselt  or  Sherwood  Numbers,  known  as 
the  Eisenberg  Correlation,^  or  to  compare  theoretical  and  experimental  limiting 
current  values,  as  is  done  in  this  study. 


MATERIALS 

The  materials  tested  included  HT-80  steel,  nickel -aluminum  bronze, 
coaaercially  pure  titanium,  and  anode  grade  zinc  (MIL-SPEC-I800IJ) . 

The  chemical  coapositions  of  these  materials  are  listed  in  Table  1. 

Table  1.  Percent  Coaposltion  of  Alloys  Tested 


APPARATUS 


The  apparatus,  shown  In  Fig.  1  was  a  rotating  cylinder  electrode  In 
a  specially-constructed  test  cell.  The  electrolyte  used  was  natural  sea¬ 
water,  which  was  heated  and  aerated  In  a  separate  reservoir  prior  to  Its 
Introduction  Into  the  test  cell.  The  temperature  of  the  seawater  was  moni¬ 
tored  dally  and  maintained  at  30”  C  +  3  with  an  Immersion  heater  In  the 
makeup  water  reservoir.  The  cell  walls  were  composed  of  1/4”  Plexiglass 
having  dimensions  of  6  Inches  in  diameter  by  6  inches  in  height . 

The  rotator  was  a  Pine  Instrument  Company  model  AFASR,  which  has  a 
rotation  speed  range  of  50  to  10000  rpm.  The  specimen  holder  consisted 
of  a  specially  machined  titanium  rod,  tapered  on  one  end  and  with  1/2"  -  20 
(class  3)  threads  on  the  other  (see  Fig.  2).  Electrical  contact  to  the 
specimen  was  made  through  the  rotor  and  a  carbon  brush  contact.  The  test 
specimen  was  a  1  Inch  diameter  cylinder  threaded  on  the  inside  and  I  inch 
in  height.  In  preparation  for  testing  the  specimen  was  inserted  between 
two  threaded  roulon  spacers  fitted  with  o-rlng  seals  to  prevent  crevice 
attack  and  to  avoid  seawater  contacting  the  titanium  rotor.  The  counter 
electrode  was  made  from  platinized  screen  5.3  Inches  in  diameter  and 
0.5  inch  in  height  and  was  positioned  concentrically  to  the  test  specimen. 

Potentlodynamic  scans  utilized  a  variety  of  potentiostats ,  including  E 
G  and  G  PAR  models  173  and  350A,  and  a  Petrolyte  Potentiodyne  Analyzer. 

Long  term  potentiostatic  tests  utilized  a  multichannel  potentiostat  Model  440 
designed  by  Scriber  Associates  Inc.  For  the  long-term  exposures,  specimen 
currents  and  potentials  were  monitored  and  recorded  on  a  computerized  data 
acquisition  system  described  previously.^ 


EXPERIMENTAL  PROCEDURE 


Potentlodynamlc  scans  were  conducted  on  all  materials  at  rotation 
speeds  of  50,  100,  200,  800,  and  2000  rpm.  All  materials  except  zinc  were 
first  held  potentiostatically  at  -*1300  mV  versus  SCE  for  ten  minutes  to  allow 
current  stabilization  before  beginning  a  scan  to  the  corrosion  potential 
using  a  scan  rate  of  0.1  mV/s.  Zinc  scans  were  initiated  at  the  corrosion 
potential  ten  minutes  after  exposure  and  proceeded  in  the  noble  direction 
at  the  same  scan  rate. 

Long  term  (30  days)  exposures  were  also  run  to  determine  the  effect  of 
calcareous  product  buildup  on  cathodic  current  densities.  Specimens  of  each 
material  were  controlled  potentiostatically  at  -800  millivolts  versus  SCE  (ex¬ 
cept  zinc,  where  a  potential  of  -1030  mV  was  used)  and  the  current  and  potential 
were  monitored.  Rotation  speeds  used  were  40,  160,  800,  1600,  and  2000  rpm. 

RESULTS  AND  DISCUSSION 

Figures  3  through  6  illustrate  the  results  of  the  potentlodynamlc 
exposures.  The  bronze  in  Fig.  3  shows  no  significant  effect  of  rotation 
speed  on  corrosion  potential.  The  hydrogen  evolution  reaction  is  observed 
below  -1100  mV  and  has  a  rotatlon-speed-lndependent  location.  The  slope  is 
also  rotation  speed  independent  and  ranged  from  120  to  135  mV  per  decade. 

The  vertical  portions  of  the  curves  have  increasing  current  densities  with 
increasing  rotation  speed.  A  Tafel-like  region  Is  observed  Just  negative  to 
the  corrosion  potential,  which  becomes  almost  exactly  vertical  at  more  negative 
potentials.  This  behavior  is  consistent  with  a  model  where  the  reaction  rate 
is  under  mass  transport  control  by  diffusion  through  a  Nernst  boundary  layer. 


6 


ivInIn-v.-:- 


•  JV  A  -.*• 


Th«  HT-80  atacl  in  Fig.  4  exhibits  aoae  positive  shift  in  corrosion 
potential  with  increasing  rotation  speed.  Like  the  bronze,  a  speed-independent 
hydrogen  evolution  line  of  slope  120  aV  per  decade  is  observed,' although  the 
location  of  this  line  is  soaewhat  different  froa  the  bronze.  The  steel  exhibits 
no  Taf el-like  behavior,  but  transitions  directly  froa  the  corrosion  potential 
to  a  soaewhat  vertical,  rotation-speed-dependent  behavior  until  the  hydrogen 
evolution  reaction  is  reached. 

The  titaniua  in  Fig.  5  shows  a  aajor  positive  shift  in  corrosion 
potential  with  increasing  rotation  speed,  a  Tafel-llke  behavior  below  the 
corrosion  potential,  and  a  vertical,  rotation-dependent  behavior  at  aore 
negative  potentials.  The  slight  deviation  of  the  200  rpa  curve  froa  this 
pattern  is  due  to  experiacntal  error.  The  absence  of  the  hydrogen  evolution 
line  Is  due  to  the  low  exchange  current  density  for  hydrogen  generation  on 
T1(1q«10‘”®’^  aap/cB^)^,  asaning  that  this  aaterial  Is  a  poor  electrocatalyst  for 
the  hydrogen  evolution  reaction.  Although  the  l^  referred  to  above  was  deter- 
ained  In  an  acid  aediua,  laboratory  tests  utilizing  ASTM  and  natural  seawater 
Illustrated  slallar  results  (10~^  aap/ca^).  With  this  low  exchange  current 
density,  the  hydrogen  line  would  not  be  expected  to  be  v  slble  above  -1300  aV . 

Anodic  curves  for  zinc  shown  In  Fig.  6  are  difficult  to  Interpret  relative 
to  flow  dependence.  Two  different  zinc  speclac'ns  were  used  for  these  tests, 
and  the  two  observed  corrosion  potentials  are  likely  to  be  due  to  a  Inhoaogenelty 
In  the  zinc  aaterial  which  led  to  different  potentials  for  the  different  specl- 
aens.  In  Fig.  7,  the  zinc  curves  are  plotted  as  a  function  of  overpotentlal . 
Between  0  and  50  aV  overpotentlal,  zinc  shows  a  systeaatlc  current  Increase 
with  Increasing  rotation  speed.  Above  50  aV  overpotentlal  the  effect  of  rotation 
speed  becoaes  Insignificant.  The  anodic  corrosion  of  zinc  Is  usually  thought 
to  be  activation  controlled  which  would  result  In  rotation  speed  Independence. 


One  explenatlon  for  ch«  obsorved  rotation  spaed  dependence  la  the  presence  of 
an  alr-foraad  harrier  oxide  which  la  aore  rapidly  reaored  under  high  flow 
conditions.  In  this  case,  the  rotation  speed  dependence  should  disappear  with 
Increasing  exposure  duration  as  the  zinc  undergoes  anodic  dissolution  and  this 
oxide  is  reaoved. 

To  ascertain  whether  the  rotating  cylinder  apparatus  was  operating  in  the 
proper  hydrodynamic  regies,  experlnents  were  conducted  to  confim  that  correlation 
was  ealntained  between  theoretical  and  experleentally  deteralned  lieltiiig 
current  values.  This  approach  requires  chat  Che  specinen  be  polarized  to  the 
Uniting  current  regies  of  the  controlling  reaction  (In  this  case  oxygen 
reduction) : 

Oj  +  2H2O  +  4e“  -  40H“ 

at  which  ties  the  concentration  of  reacting  species  at  the  electrode  surface 
approaches  zero  and  the  theoretical  value  of  the  Uniting  current  can  be  calcu¬ 
lated.  To  deterelne  Che  potential  range  at  which  the  current  becomes  lielted  at 
different  rotation  speeds,  results  from  the  potentiodynaelc  scans  were  used. 

AfCfr  determining  Che  limiting  current  potential  range  for  the  different 
velocities,  a  potential  which  intersected  this  regies  for  all  rotation  speeds 
was  selected.  This  potential  was  -800  eV  versus  SCE.  Specimens  were  polarized 
to  this  potential  until  Che  current  stabilized  during  rotation  at  2000  rpe. 

This  took  10  minutes  to  several  hours.  Rotation  speed  was  Chen  stepped  down 
in  lO-mlnute  increments  to  1600,  800,  400,  200,  100,  and  finally,  30  rpm. 

The  stable  current  value  was  recorded  for  each  speed.  Plots  were  then  aade 
of  Che  experimental  vs.  Che  theoretical  limiting  current  values,  calculated 
from  Che  following  equation: 

-  0.0791nFCg(Vdj/v) 
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Th«  degree  of  fit  between  the  date  and  the  theory  Is  shown  in  Fig.  8  and 
conflras  the  accuracy  of  the  hydrodynaalcs  of  the  apparatus.  Good  correlation 
was  maintained  throughout  the  velocity  range  evaluated  with  the  greatest  deviation 
being  approximately  12Z  for  bronze  at  2000  rpm.  To  determine  whether  the  re¬ 
action  kinetics  In  the  rotation-speed  dependent  areas  of  the  curves  were 
governed  by  the  diffusion  rate  of  oxygen  through  the  fluid  boundary  layer,  the 
cathodic  potentlodynamlc  data  were  treated  as  follows.  If  the  current  is 
limited  by  diffusion  through  the  Nernst  boundary  layer,  this  current  should 
vary  as  rotation  speed  to  the  0.7  power.  Thus  If  the  current  at  each  rota¬ 
tion  speed  Is  divided  by  that  speed  to  the  0.7  power,  those  areas  of  the  curves 
which  are  controlled  by  boundary- layer  diffusion  should  become  co-incident. 

This  was  done  for  the  cathodic  curves  In  Figs.  9  through  11.  Bronze  and  tita- 
anlum  showed  good  co-incldence  of  the  curves  in  the  areas  which  were  rotation- 
speed  dependent,  particularly  In  the  more  negative  parts  of  the  curves.  In¬ 
dicating  boundary-layer  diffusion  control  and  implying  that  no  additional 
surface  films  were  present  to  slow  oxygen  diffusion.  The  theoretical 
value  for  the  coincidence  point  is  28.14,  which  corresponds  well  with  the 
observed  values.  The  steel  data  showed  approximately  an  order  of  magnitude 
deviation  from  co-incldence,  with  the  normalized  currents  Increasing  with  rota¬ 
tion  speed.  Since  all  of  the  experimental  values  are  lower  than  the  predicted 
value  of  28.14,  the  specimens  must  have  formed  a  surface  film,  possibly  calcareous, 
which  limited  the  rate  of  oxygen  diffusion  above  that  of  the  Nernst  layer. 
Increasing  speed  slowed  development  of  this  film  or  generated  more  shear  force 
to  strip  It  off,  allowing  the  higher  rotation  speed  data  to  more  closely  approx¬ 
imate  Ideal  Nernst  layer  diffusion. 


Long  term  potentiostaclc  test  results  ere  presented  as  current  versus  tine 
plots  In  Figs.  12  through  14.  Bronze  and  steel  initially  displayed  currents 
equivalent  to  those  predicted  from  Nemst  layer  diffusion,  followed  by  a  decrease 
before  stabllzing.  The  steel  data  shows  less  scatter  than  the  bronze  and 
converges  to  a  speed-independent  value.  Scatter  Is  too  great  for  the  bronze 
data  to  determine  If  the  final  value  Is  speed-independent.  In  both  cases  the 
reason  for  the  decrease  In  current  Is  likely  due  to  fouling  or  calcareous 
deposits  forming  on  the  surface  of  the  electrode.  After  testing,  fouling  was 
observed  on  specimens  for  all  rotation  speeds  and  calcareous  deposits  were 
present  for  all  velocities  except  2000  rpm.  The  scatter  observed  for  bronze 
Indicates  that  this  material  does  not  form  as  tenacious  a  film  as  the  steel  or 
that  the  film  that  Is  formed  Is  unique  for  each  substrate.  The  increased 
tenacity  of  the  film  on  steel  Is  In  support  of  the  potentlodynamlc  data,  where 
steel  was  the  only  material  to  have  a  barrier  film  In  the  short-term  test. 

The  low  currents  observed  for  T1  at  the  beginning  of  the  test  runs  in¬ 
dicate  that  a  surface  oxide  was  present  on  the  specimen  prior  to  starting  the 
test.  Shortly  after  applying  the  cathodic  potentials  the  current  Increased  due 
to  the  surface  film  being  reduced.  Stable  current  values  were  still  below  chose 
predicted  from  Nemst  layer  diffusion.  Indicating  the  presence  of  an  additional 
oxygen  barrier,  such  as  a  calcareous  deposit.  After  testing,  the  only  specimen 
that  contained  visible  calcareous  deposits  was  the  sample  rotated  at  40  rpm. 

The  ocher  specimens  appeared  shiny  and  free  of  surface  films.  However,  the 
lower  than  predicted  currents  imply  chat  an  oxide  or  film  must  have  been 


present . 


SUMHARY  AND  CONCLUSIONS 


The  data  for  bronze,  titanium,  and  steel  are  consistent  with  a 
mechanism  whereby  cathodic  protection  current  is  initially  controlled  by 
oxygen  diffusion  through  a  fluid  boundary  layer,  after  first  reducing 
an  alr-formed  film  on  the  titanium.  After  longer  periods  of  exposure,  the 
buildup  of  a  layer  of  calcareous  deposits  and  fouling  results  in  considerable 
reduction  of  the  current  density  required  for  cathodic  protection.  Thus  for 
short-term  exposures  of  these  materials  at  cathodic  overpotentials,  flow 
effects  can  be  modelled  by  duplicating  the  diffusion  boundary  layer  thickness 
of  that  in  service.  For  longer  term  exposures,  the  buildup  of  a  current-limiting 
deposit  may  eventually  lead  to  velocity-independent  current  densities,  providing 
that  the  shear  stress  at  the  surface  is  below  that  for  removal  of  this  barrier 
deposit. 

Anodic  polarization  of  zinc  anode  material  is  initially  flow-dependent 
by  a  mechanism  as  yet  undefined.  Therefore,  no  conclusions  can  yet  be  made 
about  the  best  method  for  modelling  flow  across  a  zinc  anode. 
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